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Abstract
The hygroscopic growth of ammoniated sulfate particles was studied by measurements
and model calculations for particles with varying ammonium-to-sulfate ratio. In the
measurements, the ammonium-to-sulfate ratio was adjusted by using mixtures of am-
monium sulfate and ammonium bisulfate in generating the solid particles. The hy- 5
groscopic growth was measured using a tandem diﬀerential mobility analyzer. The
measurements were simulated using a thermodynamical equilibrium model. The cal-
culations indicated that the solid phases in particle with ammonium-to-sulfate ratio be-
tween 1.5–2, were ammonium sulfate and letovicite. Both in the calculations and in the
experiments the hygroscopic growth was initiated at relative humidities less than the 10
theoretical deliquescence relative humidity of these particles. This indicates that the
particles were multi-phase particles including solids and liquids. The equilibrium model
yielded a satisfactory prediction of the hygroscopic growth of particles generated from
a solution with 1:1 mass ratio between dissolved ammonium sulfate and ammonium
bisulfate. However, for particles with 3:1 and 10:1 mass ratios, the model predictions 15
overestimated the growth at relative humidities between about 60% and the point of
complete deliquescence (close to 80% RH). In contrast, a model, in which letovicite
was allowed to dissolve only after complete dissolution of ammonium sulfate, repro-
duced the observations well. This indicates that the dry particles had a letovicite core
surrounded by an ammonium sulfate shell. 20
1. Introduction
The way in which atmospheric ultra-ﬁne particles take up water aﬀects cloud formation
and thereby e.g. the radiative properties of clouds which in turn inﬂuence the global ra-
diative balance. Aerosol hygroscopicity is also important for the direct radiative forcing
since it determines the extent of particle growth due to water uptake at a given relative 25
humidity. The hygroscopic growth of small particles can be studied using a Tandem
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Diﬀerential Mobility Analyzer (TDMA), an instrument which can also be applied to ob-
tain information of the composition of atmospheric particles which have mass too small
for conventional chemical analysis (McMurry and Stolzenburg, 1989). Ammonium and
sulfate ions are abundant compounds in atmospheric particles and therefore it is im-
portant to understand their hygroscopic properties as well as possible. 5
The detailed formation mechanisms of atmospheric aerosol formation and early
growth are yet unresolved. However, observations have shown that sulfuric acid plays
an important role (Kulmala et al., 2005; Cabada et al., 2004), possibly together with
water and/or ammonia (Napari et al., 2002). Recent thermodynamical calculations
(Vehkam¨ aki et al., 2004) suggest that most gas phase sulfuric acid is in the form of 10
ammoniated sulfate clusters. Hence, these compounds are expected to be abundant
in nucleation mode aerosols overall.
In addition to indirect measurement of particle composition, knowledge on hygro-
scopic properties is essential in e.g. the estimation of particle formation rates from
measured size distribution data. In estimating formation rates, one has to model the 15
competition between particle condensational growth and scavenging onto background
accumulation mode particles (Lehtinen et al., 2004). The scavenging part requires an
estimate of the background aerosol coagulation sink, which means that the dry aerosol
size distribution data, typically obtained by DMPS or SMPS systems need to be cor-
rected for hygroscopicity eﬀects. Using one single model compound, e.g. ammonium 20
sulfate, for this purpose may result in severe inaccuracies.
Previous measurements indicate that when dry ammoniated sulfate particles are
formed, the crystalline particles may also contain liquid (Colberg et al., 2004). Colberg
et al. (2004) also suggested that the particles for which the ammonium-to-sulfate ratio
(ASR) does not correspond to that of ammonium sulfate, can be solid-solid mixed par- 25
ticles. In theory, if the relative humidity increases, these kind of particles could take up
water from the gas phase thus explaining the growth of nano-sized particles at low rel-
ative humidities before their deliquescence relative humidity. The deliquescent growth
of particles with varying ASR has been also modelled in a recent study by Amund-
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son et al. (2005). Studies of mixed salt particles show gradual growth with increasing
relative humidity (Tang and Munkelwitz, 1977; Ansari and Pandis, 1999).
In this paper, we present experimental and modelling studies of the hygroscopic
growth of ammoniated sulfate particles generated from water solutions of ammo-
nium sulfate-ammonium bisulfate mixtures. We show that equilibrium model calcu- 5
lations can lead to overprediction of the hygroscopic growth especially at relatively
high ammonium-to-sulfate ratios at relative humidities below the deliquescence point
of ammonium sulfate.
2. Measurements
Figure 1 shows a schematic diagram of the HTDMA (Hygroscopicity Tandem Diﬀeren- 10
tial Mobility Analyzer) system used in this study. The detailed description of the system
has been reported in detail by Joutsensaari et al. (2001) and only a short summary
is presented here. The system has been slightly modiﬁed to measure ultra-ﬁne par-
ticles (6–50nm) following the guidelines set by H¨ ameri et al. (2000). The ﬁrst DMA
(DMA-1, Hauke type, length 10.9cm) is used to classify the particles based on their 15
electrical mobility. The sample aerosol ﬂow of 1lmin
−1 is neutralized with a radioactive
β-source (Ni−63) before DMA-1. A dry (dew point about −40
◦C) and clean air ﬂow
of 10lmin
−1 is used as a sheath ﬂow in DMA-1. The sheath and excess ﬂows of the
DMAs are controlled by critical oriﬁces. Dry particle diameters of 50nm were used in
the experiments. 20
The change in particle size due to humidiﬁcation is determined by the second DMA
(DMA-2, similar to the DMA-1) with a condensation particle counter (CPC, TSI 3010).
The CPC provides a sample ﬂow of 1lmin
−1 through the HTDMA. The number size dis-
tributions are determined with a conventional stepping-mode method using a standard
DMA data inversion algorithm (Reischl, 1991; Knutson and Whitby, 1975). To deter- 25
mine the growth factors (diameter at certain saturation ratio divided by dry diameter) of
the particles, the geometric number mean diameter of the measured size distribution
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was used as an average particle size in the calculations. For bimodal distributions, the
geometric number mean diameters and growth factors were determined separately for
both modes by ﬁtting two lognormal size distributions to the measured size distribution.
The aerosol particles are humidiﬁed before DMA-2 with a humidiﬁer, which consists
of a Gore-Tex tube in heated water. The relative humidity (RH) of the DMA-2 sheath 5
ﬂow is controlled by mixing water-saturated (humidiﬁed with a Gore-Tex tube humid-
iﬁer) and dry air streams. The RH of aerosol and sheath air ﬂows are detected with
capacitive RH sensors and controlled with PID controllers. The RH inside DMA-2 is
determined with a dew point monitor from the excess air of DMA-2.
To keep DMA-2 at a constant temperature of 25
◦C, it is covered with tubing containing 10
circulating water from a temperature controlled water bath and DMA-2 is thermally
insulated. We estimated that the accuracy to determine RH inside DMA-2 is about
±1%-units (determined with the dew point monitor) and the accuracy of the growth
factor measurements is about 2% .
3. HTDMA measurements 15
The growth factors as a function of RH were measured for mixed ammonium sul-
fate (NH4HSO4, FF-Chemicals, purity >99%), – ammonium bisulfate particles, Fluka,
>99%). Three diﬀerent types of mixed particles were studied, with ammonium sul-
fate:ammonium bisulfate mass ratios of 10:1, 3:1, and 1:1.
The aerosol particles were generated from aqueous precursor solutions by a con- 20
stant output atomizer with a dry air ﬂow of 3lmin
−1. The generated aerosol was diluted
with a dry (dew point about −40
◦C) air ﬂow of about 27lmin
−1 (dilution ratio 1:10) im-
mediately after the generator. During the dilution, the water was evaporated from the
atomized droplets thus forming solid particles. The RH of the aerosol ﬂow was typ-
ically 1–4% after particle size-classiﬁcation in DMA-1. The precursor solutions were 25
prepared by mixing the powders with deionized, distilled water and stirring the suspen-
sions until the substance was completely dissolved. The concentration of the precursor
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solutions was 0.1g solute in 100ml water.
4. Equilibrium model
The hygroscopic growth of ammoniated sulfate particles was calculated using a ther-
modynamical equilibrium aerosol model. The particle is assumed to have a core
formed of ammonium sulfate and letovicite. The core is surrounded by a liquid layer 5
which includes water, ammonium and sulfate ions.
The amount of solid in the initial particle is determined using the given initial compo-
sition of ammonium and sulfate. Figure 2 shows the deliquescence relative humidity
(DRH) at 298.15K temperature for ammonium sulfate, letovicite and ammonium bisul-
fate as a function of the ASR of the particle. The DRH also represents the activity of 10
water at which the individual solids reach saturation in the liquid phase.
If we compare the saturation for solid ammonium sulfate, letovicite and ammonium
sulfate, when a wet ammoniated sulfate particle with ASR between 1.5–2 is dried, the
saturation ratio of ammonium sulfate will reach unity and thus also crystallize ﬁrst when
the amount of water decreases in the particle. As the ASR decreases, the saturation 15
of ammonium sulfate decreases rapidly between 1.3–1.2ASR. This indicates that only
a limited amount of solid ammonium sulfate can form from the liquid. Furthermore,
this decrease in ASR will cause the saturation of letovicite in the remaining liquid to
surpass unity and also the formation of solid letovicite is possible. However, because
of the stochastic nature of the crystallization, the dry composition cannot necessarily 20
be determined using equilibrium assumptions alone. Previous studies also show that
the composition of the crystallized ammoniated sulfate particles are very diﬃcult to
determine (Schlenker et al., 2004; Schlenker and Martin, 2005).
Still, the equilibrium curves in Fig. 2 give a rough estimate of the solid composition.
In the model, the amount of solid ammonium sulfate and letovicite is approximated us- 25
ing the equilibrium curves. The remaining ammonium and sulfate ions are assumed to
be in the liquid phase and will be able to initiate the hygroscopic growth of these par-
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ticles at relative humidities below the letovicite and ammonium sulfate deliquescence
points. After the determination of the initial composition of the particles, their hygro-
scopic growth is calculated as a function of relative humidity. The thermodynamical
equilibrium is calculated between the gas and liquid phase water taking into account
the Kelvin eﬀect. Also, the thermodynamical equilibrium between the solid and liq- 5
uid phase is calculated so that inorganic salts are assumed to act as slightly soluble
compounds and be able to dissolve in the liquid layer until the salt in the liquid phase
reaches saturation. The amount of remaining solid is calculated using bisectional iter-
ation.
The saturation ratios for the solid phase and the thermodynamical equilibrium in the 10
liquid layer was calculated using the aerosol inorganics model AIM (Clegg et al., 1998).
The surface tension at the gas-liquid interface was calculated using the parameteriza-
tion for ammoniated sulfate solutions given by Hyv¨ arinen et al. (2005). The density of
the liquid phase was calculated using the parameterization by Korhonen et al. (1998).
For nano-sized particles the curvature eﬀect on the dissolution of the solid has to be 15
taken into account. In the model, this is done by using equation
C1 = C1,eq exp
 
V
(s)2σ
RpRT
!
, (1)
where C1 is the solubility for a curved surface, C1,eq is the equilibrium solubility, V
(s)
is the molar volume of ammonium sulfate, σ is the interfacial tension between the
salt and water surface, Rp is the radius of the particle, R is the gas constant and T 20
is the temperature of the particle (Tester and Modell, 1983). The interfacial tension
σcl between the ammonium sulfate crystal and the liquid was calculated using the
Antonoﬀ’s rule (Amundson et al., 2005)
σcl = σca − σla, (2)
where σca is the interfacial tension between the crystal and air, σla is the surface ten- 25
sion between the liquid and air. The solid-air surface tension of letovicite was assumed
7ACPD
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to be the same as that of ammonium sulfate (Amundson et al., 2005). For the 50nm
particles studied here, the curvature eﬀect causes only a negligible shift in the am-
monium sulfate deliquescence RH, and in practice, the eﬀect is noticeable only for
particles with dry diameter of 30nm and less. For larger particles, the curvature eﬀect
makes no diﬀerence in the calculated growth curves. 5
5. Calculations and results
5.1. Mixed particles
The behaviour of growth factors for varying ammonium-to-sulfate ratios was studied by
using particles generated from solutions with both ammonium sulfate and ammonium
bisulfate. Initially the ratio between ammonium sulfate and ammonium bisulfate was 10
10:1, 3:1, and 1:1 in mass, corresponding to ammonium-to-sulfate ratios of 1.90, 1.78,
and 1.46, respectively. The initial dry diameter of these particles was 50nm. The
hygroscopic growth of the particles was modeled using two diﬀerent methods. First,
the modeling was made so that the thermodynamical equilibrium was solved for both
ammonium sulfate and letovicite. This method predicts too high calculated growths for 15
mass ratios of 10:1 and 3:1, but gives very good match for 1:1 mass ratio. This is why
for the two ﬁrst mass ratios and alternative method was also used. The dashed lines
in Fig. 3 are the calculated results from the equilibrium model.
In the alternative method, the letovicite was assumed to be trapped in the particle
until ammonium sulfate was dissolved completely. Such a scheme is consistent with 20
the higher eﬄorescence relative humidity of letovicite compared with ammonium sulfate
as predicted by the AIM. Using this method, Table 1 shows the used solid composition
of the particles that gives the best ﬁt between the calculated and measured growth
curves.
Figure 3 shows measured and calculated growth factors as a function of relative 25
humidity for particles which are initially generated from mixture of ammonium sulfate
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and ammonium bisulfate.
The measured growth factors in Fig. 3 show signiﬁcant growth throughout the relative
humidity range, even though the particles are fairly large. As the mass ratio between
ammonium sulfate and ammonium bisulfate decreases, the growth before the actual
deliquescence relative humidity becomes more ampliﬁed and visible. The observed 5
growth curve of the 1:1 mass ratio particles matches the equilibrium model prediction
very well. However, with the 3:1 and 10:1 particles, the equilibrium model predicts
larger than observed growth at relative humidities between about 60–65% and the del-
iquescence point. In contrast, the alternative method used to model the growth curves
reproduces the observations accurately, suggesting that with the more ammoniated 10
particles, crystallization during particle generation has occurred in such a manner that
a letovicite core has formed ﬁrst, and it has subsequently been covered by solid am-
monium sulfate. An open question remains, whether for a given ammonium-to-sulfate
ratio this kind of core/shell formation always occurs as droplets are dried, or does it only
take place at certain temperatures and relative humidities? This question is important 15
from the viewpoint of accurate modelling of the hygroscopic behavior of ambient sulfate
particles.
6. Conclusions
The hygroscopic growth of ammoniated sulfate particles at relative humidities less than
the deliquescence relative humidity of the particles was studied experimentally and 20
theoretically. The experimental method involved growth factor measurements using
a TDMA system. The observations were compared with predictions of two kinds of
models: 1) a pure equilibrium model and 2) a model in which the particle consists of
an letovicite core and an ammonium sulfate shell and letovicite is assumed to dissolve
only after all ammonium sulfate is completely dissolved. The studies were conducted 25
with three diﬀerent particle types with varying ammonium-to-sulfate ratio.
The TDMA measurements show signiﬁcant growth of ammonium sulfate particles al-
9ACPD
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ready below the deliquescence relative humidity of the particles. Another notable result
was that the equilibrium model does not predict the hygroscopic growth of particles for
all ammonium-to-sulfate ratios correctly. For particles with an initial mass ratio of 3:1
and 10:1 between ammonium sulfate and ammonium bisulfate, the equilibrium model
predicts much higher hygroscopic growth than observed at relative humidities above 5
60% where the particles have not dissolved completely. However, for a 1:1 mass ratio,
the equilibrium model describes the measurements adequately.
When the alternative was used, i.e. letovicite was not allowed to dissolve until am-
monium sulfate was completely dissolved, the hygroscopic growth for the 3:1 and 10:1
mass ratios was also modelled successfully. This indicates that the molecular structure 10
of the particles is such that ammonium sulfate eﬃciently covers a letovicite core.
The climate models usually treat ammoniated sulfate particles either as ammonium
sulfate of pure sulfuric acid. This study indicates that the hygroscopic properties of
ammoniated sulfate particles of non-stoichiometric composition diﬀer signiﬁcantly from
that of particles of stoichiometric composition. The signiﬁcance of the result in vari- 15
ous aerosol-cloud-climate feedbacks is potentially large but yet unclear and should be
investigated further.
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Table 1. The initial solid composition of ammonium sulfate and letovicite in the dry particles for
diﬀerent mass ratio between ammonium sulfate and ammonium bisulfate. Xv((NH4)2SO4) and
Xv((NH4)3H(SO4)2) are the volume fractions of ammonium sulfate and letovicite, respectively.
mass ratio Xv((NH4)2SO4) Xv((NH4)3H(SO4)2)
10:1 0.819 0.163
3:1 0.640 0.256
1:1 0.354 0.237
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Fig. 1. Schematic of Hygroscopicity Tandem Diﬀerential Mobility Analyzer (HTDMA) setup for
measuring organic composition of aerosol particles.
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Fig. 2. The deliquescence relative humidity as a function of ammonium-to-sulfate ratio (ASR)
for ammonium sulfate (blue solid line), letovicite (red dashed line), and ammonium bisulfate
(green dash-dot line) at 298.15K.
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Fig. 3. Measured and calculated growth factors for particles with mass ratio between ammo-
nium sulfate and ammonium bisulfate of (a) 10:1, (b) 3:1, and (c) 1:1. Dashed lines represent
data given by the equilibrium model, solid lines represent calculated data in which letovicite is
assumed to stay solid until ammonium sulfate is dissolved completely and points represent the
measured data.
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